INTRODUCTION
Atmospheric aerosols perturb the radiation budget of the Earth, and therefore they are justifiably 'considered as an important climatic factor [Coalzley and Cess, 1985; Potter and Cess, 1984; Rasool and Schneider, 1971; Tanré et al., 1984;  World Climate Program ( W C P ) , 19841. Evidence for the desert aerosols i : visible in the outbreaks of dust from West Africa, which are transported long distances through the atmosphere over the North Atlantic Ocean [Joseph et al., 1973; Joseph, 19761. In order to obtain global coverage and a good sampling of the aerosol characteristics at climatic scales, it is necessary to use satellite data. Thus we planned in 1986 an experiment for monitoring desert aerosols with different satellite sensors, the advanced very high resolution radiometer (AVHRR) on NOAA 9, Meteosat, and the Thematic Mapper on Landsat 5. A ground truth experiment was jointly conducted at M'bour (16.9"W, 14.32"N) , Sénégal, in order to validate t h e results obtained from the satellite observations. We present here the ground results; the satellite data approach will be developed in a subsequent paper. The measurements performed (solar transmission, aureole, and sky radiance) are described in section 2. The data processing and the inversion method are examined in section 3. The aureole and solar transmission data classically are used to retrieve the aerosol size distribution. We use this data as input in a radiative code to calculate the sky radiance, which is checked against observations. These results are discussed in section 4.
PRESENTATION OF THE EXPERIMENT: INSTRUMENTATION
The ground station was based at M'bour in the Geophysic and Seismology center of the Institut Français de Recherche Scientifique pour le Développement de la Coopération Copyright 1988 by the American Geophysical Union.
(ORSTROM). This site was chosen because it is directly in the path of Saharan dust outbreaks. In fact, the major part of the dust is carried westward by the winds out over the North Atlantic and many investigations of this transport have been made [ Carlson and Prospero, 1972 ; D'Alineida, Morales, 1986; Prospero and Carlson, 1981 ; Schutz, 19791 . These studies show that in winter months, the outbreaks emerge from Africa in the latitude belt 10"-20"N and are shifted to the north in summer. A more complete study in this area [Gac and Carn, 19861 confirms these results. The occurrence of outbreaks is much greater in winter than during summer; the concentrations are at a minimum in July and August and are at a maximum generally in March and April. Thus the experiment was planned for April and May 1986. M'bour was chosen in order to minimize the influence of local sources, Dakar being not really representative of Saharan dust because of the local anthropogenic component. Table 1 sums up the performed ground measurements and their respective objectives. Three passive radiometric measurements were conducted: (1) extinction of the solar irradiance from 400 to 2200 nm; (2) scattered solar radiance in the aureole range at 850 nm; and (3) angular distribution of the sky radiance, in the solar incident plane, at 850 and 1650 nm.
Extinction measurements used two Sun photometers, which had the following main characteristics: (1) A portable radiometer (PR), whose the angular field of view was 3", had five filters centered at about 450, 650, 850, 930, and 940 nm, with half-bandwidths ranging from 16 to 17 nm, except for the filter peaked at 930 nm, which had a 45-nm bandwidth. The two band-pass filters at 930 and 940 nm were used to derive the total atmospheric water vapor content from the differential absorption method. (2) The second radiometer (PIR, from "Proche Infrarouge" in French), whose the angular field of view was 3", had seven filters centered at 450, 550, 650, 850, 1040, 1600 , and 2200 nm. Thus we could determine the aerosol optical thickness over a wide range of wavelengths, as required for the aerosol size distribution retrieval. 
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Paper number 88~~03348. ORSTOM Fonds Documentaire 2. Solar aureole measurements were performed at 850 nm, 0148-0227/88/88JD-03348$05.00 using a 1.5" angular field of view radiometer. Ten scattering 3. Finally, the downward radiance was measured in the solar incident plane at two wavelengths, 850 nm and 1650 nm, with a 2" angular field of view. The angular scanning was sampled in steps by 3". The radiometer was calibrated, and the accuracy on the radiance was estimated to be about 20% at 850 nm and 50% at 1650 nm.
These observations were performed during 15 nonconsecutive days in April and May 1986. A complete tabulation of the measurements is contained in Table 2 . The transmission measurements were performed every day, but-because of the discontinuous cloud cover, the other measurements were not always available. Table 2 shows that the whole set of measurements was available only on 4 days.
3. DATA PROCESSING The inversion of the aerosol size distribution was performed in two independent ways: (I) from the optical thicknesses derived from the transmission measurements and (2) from the aerosol phase function in forward scattering directions derived from the aureole data.
First, the transmission measurements were corrected from the gaseous absorption and Rayleigh scattering effects, which provided the aerosol spectral optical thickness, za(/z). Then, from T@) the aerosol size distribution n(r) was inverted. O n the other hand, another estimate of n(r) was obtained by inverting the aureole data, i.e., from the aerosol phase function, p,(O), in forward scattering directions. In fact, these two independent determinations of n(r) prove to be somewhat complementary, because they are not efficient over the same particle radius ranges. Finally, given the retrieved aerosol model, the sky radiance was computed from a successive orders of scattering code [Lenoble, 19851 , and the results were compared with the observations.
The correction for gaseous absorption in the transmission measurements was estimated as follows: The water vapor content was derived from the PR measurements at 930 and 940 nm. The method has been described by Volz Cl9741 among others. Given the characteristics of the two PR filters, Figure 1 shows how the transmission ratio tD (940 nm)/t, (930 nm) varies with the H20 content for a given air mass m. From the spectral dependence of z,(/z) derived in this way, the aerosol size distribution then was inverted, using the constrained linear inversion scheme developed by King et al. [1978] . The inversion was generally performed for an assumed refractive index of the aerosols m = 1.55 -0.005i. Typically, n(r) was retrieved in this way for r between 0.1 and 5 pm.
The aureole measurements allowed us to derive another independent estimate of the size distribution. This inversion is quite standard now (see, for example, Thomalla and Queazel [1982] : Trakhousky and Shettle [1985] ; Twitty [1975] ). Given the large optical thickness involved, the aureole measurements were first corrected from the multiple scattering contribution by using the algorithm of Weinman et al. [1975] . Then, the data were inverted by using Chahine's inversion scheme [Santer arid Herman, 19831 . This yielded the size distribution in the range 1-10 pm, so that we could check the two results in the common range of radius, typically 1-5 pm. Finally, given the retrieved size distribution and an assumed refractive index (1.55 -O.O05i), we computed from the Mie Theory the aerosol extinction coefficient, the single scattering albedo, and the phase function. These parameters, together with the aerosol optical thickness, were put in a successive orders of scattering code, and the downward radiance was calculated at 850 and 1650 nm. When compared with the measurements it provided a third independent check of the aerosol characterization. Figure 2 shows the time evolution of the measured UHZ0 content. The order of magnitude is in a good agreement with climatologic values [Tuller, 19681: 2.5-4.5 g cm-' according to the season and around 3 g cm-' in April and May. As shown previously, H,O requires only a small correction term in the measurements, so that the accuracy obtained in the UHZO estimates is sufficient.
RESULTS AND DISCUSSION
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As the aerosol optical thickness was derived from two different instruments (Table l) , we first checked the consistency of the data by comparing the results in the three common spectral bands, i.e., 450, 650, and 850 nm. Figures 3a to 3c show, for these three channels, the aerosol optical thickness z, , derived from the PR measurements, versus the one derived from the PIR measurements. The measurements were not performed simultaneously by the two radiometers, but we selected, for the comparisons in Figure 3 , measurements obtained within a maximum time delay of 2 min by the two apparatus. Given the accuracy on z, in the visible, about 5%, Figures 3a  to 3c show that the results of the two instruments are in a n good akreement. For the near-and middle-infrared channels, correlative measurements are not available. The errors are larger in this wavelength range, where the optical thickness is smaller and where the correction for the H,O absorption can introduce residual errors. There, the estimated accuracy is probably no more than lo%, i.e., a factor 2 with respect to the visible accuracy.
The time variation of the aerosol optical thickness at 550 nm is shown in Figure 4 . Each box represents a 1-hour interval, the x scale varies from 0700 to 1900 UT; and the y scale varies from z, = O to = 2. The dates are expressed as Julian days. Moreover, for each day the daily average and its variance o, have been reported. Figure 4 shows that the optical thickness varied widely from day to day, from 0.4 to 2. A major event, a dust storm, was observed on day 136 (May 16), 5.001 ' 1 " " " ' ' " " : " " " " . O 0 where 2, reached the considerable value of 2. Unfortunately, the sky soon became cloudy on this day and only one measurement is available. The observations were started again 3 days later, and day 139 (May 19) was still affected by the event. The time evolution for this day was important. The optical thickness varied from 1.3 to 0.9, indicating the passage of the end of the dust plume. The next day (day 140), the optical thickness remained uniform and large (-0.85), corresponding to an important but uniform aerosol loading. Figure 4 shows that the optical thickness was generally large. Even the minimum value (a, = 0.4) observed on day 132
corresponded to a significant value. Thus the observations showed that a background desert component was persistent and might have a noticeable effect on the tropical solar energy budget.
From the spectral behavior of the aerosol optical thickness, Here is the average aerosol optical thickness, and a,is the variance. spond to only one measurement: they were retained because of their interesting behavior. Clearly, the spectral behavior of T$) was correlated to the mean dustiness; the larger optical depths corresponded to the smaller mean coeficient or, .
In the visible range (45&650 nm), ora was slightly negative for very large turbidity (May 16 and 19). It became positive for mean dustiness conditions. In the infrared range the CI, behavior as a function of the turbidity was the same, but or, here never became negative. For a Junge distribution, n(r) = nor-", it is well known that a, = v -2. Thus Tuiiaku [1969] , the exact range (Ymin, ria,) over which the search for n(r) 'was conducted was determined from preliminary trials. The results confirmed that whatever the case considered, the measurements did not allow one to retrieve n(r) either for r < 0.1 ,um' (i.e., the nuclei mode) or for r'> 5 pm (i.e., the coarse-particle mode).
On the other hand, from the sky radiances measured at scattering angles ranging from 2" to 30", another estimate of the size distribution was obtained by using the Chahine inversion scheme. The aureole data were first corrected for multiple scatterings, according to the method of Weinman et al [1975] , and the corrected measurements allowed us to retrieve n(r) for I' ranging from about 1 to 10 pm. Note that the results are nearly insensitive to the assumed aerosol refractive index. The two inversion schemes concern very different and independent observations. The spectral optical thickness provides n(r), in the range 0.1-5 pm, and the aureole, in the range 1-10 pm. By comparing the results over the range of radius 1-5 pm where both schemes are efficient, we may therefore check the consistency of the results. As seen in Table 2 , simultaneous transmission and aureole measurements were available for May 8 (mean concentration), May 12 (clearest day), and May 19 (very hazy day). We derived by the two inversion schemes the corresponding size distributions. The same index of refraction was used for the two inversions, and the retrieved size distributions were normalized in order to recover the optical thickness measured at 1 = 850 nm. The results are shown in Figure 6 . Solid circles represent the results of the aureole inversion, and the crosses represent the results of the optical thickness inversion. Clearly, the two results compare well and prove good consistency between the two kinds of observation. In Figure 7 the results for May 8 and May 19 have been compared with size distributions reported by other authors [Skettle, 1984; D'Almeida, 19871, for background and dust storm conditions, respectively. We have reported also the results for May 16 (despite the lack of cross validation for this day, since only the PIR data are available) which represents the extreme dust loading during the experiment. shows that our results are consistent with previous ones, and once more indicate that, as the dustiness increases, the size distribution exhibits an increasing amount of larger particles.
To make this tendency clearer, the observed size distributions were fitted by bimodal lognormal distributions, Table 3 gives the obtained parameters. To make the comparison, we fixed the same variance for the 3 days and for the two modes. The continuous curves, in Figures 6 and 7, correspond to these bimodal size distributions, which fit the results well. Table 3 shows that the second mode radius was shifted toward higher values for windblown dust conditions. O, 20, O, 25) . the two extreme aerosol models, and at 1 = 550 nm. Geometrical conditions correspond to nadir observation and a Sun at 45" from the zenith.
large-particle range should be more evident (Figure 8 ). The enhancement of the large-particle abundance for the most turbid day is evident, especialiy in the aureole results, which are more confident for this range of radius. On the other hand, Figure 8 may give additional information on the aerosol refractive index. As noted previously, the aureole measurements, since they mainly correspond to diffracted light, are quite insensitive to the aerosol refractive index m. The same is not true for the aerosol optical thickness; given n(r), r,(I) partly depends on in. As shown by Yamamoto and Tanaka [1969] , given the size distribution retrieved from za(I) by assuming some value, say m*, for the aerosol refractive index, the size distribution corresponding to another value, m, may be scaled indicate that the composition of the aerosol is most similar to silicate material in dust storm conditions. This result is consistent with the common hypothesis of the dune material origin of the dust plume.
Sky Radiance Reconstruction
Given the retrieved aerosol size distribution, we calculated the aerosol single scattering albedo and phase function from the Mie theory. Then, given the measured optical thickness, we were able to compute the sky radiance by using the successive orders of scattering method. We took into account in the calculations a ground albedo estimated from the Thematic Mapper (TM) satellite data. The computations were performed, at 850 and 1650 nm, for the experimental geometrical conditions and with the measured aerosol optical thickness. The angular distribution of the downward sky radiance was computed in the principal plane and was compared with the measurements. Figures 9a and 9b compare the results for May 8 and May 19. Given the large dynamic (102-103) of the involved signals and the calibration accuracy (about 20% at 850 nm, and no better than 50% at 1650 nm), the agreement between the computed and observed sky radiances is satisfactory and proves the consistency of the whole measurements. On the other hand, the good fit in Figures 9 suggests that the ground measurements allow us to make correct predictions of the satellite signal, whose the atmospheric reflectance is an important component. Therefore we used these results to examine crudely, according to our main goal, the possibility of remote measurements of the Saharan aerosol over the ocean and over the cloud.
In order to estimate the sensitivity of the method, the predicted satellite signal was calculated as a function of the aerosol optical thickness z,, for different values of the ground reflectance p&, = O, 0.20, and 0.25) and for the two extreme aerosol models reported in Table 3 ( On the contrary, for ps = 0.20, which corresponds to the mean land reflectance of the experimental site, the problem is very ill conditioned. May be, Figure 10 is somewhat pessimistic; the single scattering albedo of our aerosol models, as derived from Mie theory for the assumed refractive index m = 1.5 -0.005, is u,, = 0.935 for model 1 and wo = 0.900 for model 2, respectively. These rather small values, which explain the darkening effect of the aerosol layer for small optical thicknesses, may be questionable. Regardless of these particular effects, however, aerosol retrieval from reflectance measurements over highly reflecting lands certainly is a very difficult task; small inaccuracies in the estimate p, of or small variations in the aerosol characteristics may clearly lead to very large errors in 2,. Therefore, more elaborate methods have to be used to handle these types of calculations. Some possibility exists by considering, for example, contrast reductions linked to the aerosol blurring effect, as will be developed in a forthcoming paper. 1. The aerosol optical thickness varied widely from day to
